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ABSTRACT 

We report on the results of an /-band time-series photometric survey of NGC 2547 
using the MPG/ESO 2.2m telescope with WFI, achieving better than 1% photometric 
precision per data point over 14 < J < 18. Candidate cluster members were selected 
from a. V \s V — I colour magnitude diagram over 12.5 < V < 24 (covering masses 
from 0.9 Mq down to below the brown dwarf limit), finding 800 candidates, of which we 
expect ^ 330 to be real cluster members, taking into account contamination from the 
field (which is most severe at the extremes of our mass range) . Searching for periodic 
variations in these gave 176 detections over the mass range 0.1 < M/Mq < 0.9. The 
rotation period distributions were found to show a clear mass-dependent morphology, 
qualitatively intermediate between the distributions obtained from similar surveys in 
NGC 2362 and NGC 2516, as would be expected from the age of this cluster. Models 
of the rotational evolution were investigated, finding that the evolution from NGC 
2362 to NGC 2547 was qualitatively reproduced (given the uncertainty in the age of 
NGC 2547) by solid body and core-envelope decoupled models from our earlier NGC 
2516 study without need for significant modification. 

Key words: open clusters and associations: individual: NGC 2547 - techniques: 
photometric - stars: rotation - surveys. 



1 INTRODUCTION 

NGC 2547 is a relatively well-stu died nearby young ope n 
■ cluster; we adopt the parameters of lNavlor fc Jeffries! l|2006l ). 
who give an age of SS.Stg's Myr, distance modulus (M — 
m)o = 7.791^:^5 and reddening Av = 0.186. The age de- 
rived by these authors puts the cluster at the approximate 
point where G-dwarfs reach the zero age main sequenc e 
(ZAMS; see for example Figure 1 of llrwin et al] l2007bl l. 
and slightly younger tha n the typically-used b enchmark of 
a Persei (~ 50 Myr, e.g. iBasri fc Marti'nl ITooj ) . The smaU 
distance modulus makes it possible to probe down to very 
low masses, with relatively modest-sized telescopes. 

The cluster has bee n surveyed in X-rays using ROSAT 
Jjeffries fc ToUevI llQQSh and XMM-Newton l| Jeffries et all 
l2006l ). The latter study found that the solar type stars in 
NGC 2547 exhibited a similar relation between X-ray activ- 
ity and Rossby number to field stars and older clusters, but 
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with saturated or super-saturated X-ray activity levels, and 
median levels of X-ray luminosity and X-ray to bolometric 
luminosity ratio similar to T-Tauri stars in the ONC, but 
much higher than in the Pleiades. These measures are con- 
sistent with the relative youth of NGC 2547. 

Surveys of li t hium depletion ((Oliveira et al.l l2003l : 



2005^ 



have placed 
on stellar 



[Jeffries et aP l2003l : [Jeffries fc Oliveir, 
constraints on the cluster age, and conversely, 
evolu tion models by compariso n with isochrone fitting re- 
sults. Ijeffries H Oliveiral l|2005h find ages based on lithium 
depletion of 34 — 36 Myr, reasonably consistent with the 
isochrone-based estimate we assumed earlier. 

[Jeffries. Totten fc Jamej l|2000l ) performed a v sin i sur- 
vey of the solar-type stars in the cluster, finding a dis- 
tribution indistinguishable from that in the similar-age 
clusters IC 2391 and IC 2602, with a similar rotation- 
activity relatio n ship t o older clusters such as the Pleiades. 
iLittlefair et al.l l|2003l ) found weak evidence for mass se gre- 
gation in the cluster, confirmed by [Jeffries et al.l (|2003l ) us- 
ing a new photometric survey, where they also derived the 
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cluster mass function down to ~ 0.05 M0, finding a result 
very similar to the Pleiades mass function over the range 
0.075 < M/M© < 0.7. 

Finally, NGC 2547 has been obse rved with Spi t zer us ing 
the IRAC and MIPS instruments bv I Young et al.l (|2004|) to 
investigate the cluster disc frequency. Gorlova et al.l ( 20071 ) 
subsequently extended the survey coverage, finding only 2 — 
4 out of ~ 600 stars of B — mid-M spectral type to show 
excesses in the IRAC 8 fim band, a fraction of < 1 per cent. 
In the MIPS 24 fim band, they found ~ 40 per cent of the 
stars of B — F spectral types to show excesses. This striking 
result is most likely due to the discs clearing from the inside 
outwards, with the lack of short-wavelength excesses caused 
by the discs being substantially cleared within the central 
~ 1 AU parts by the age of NGC 2547. 



1.1 Evolution of stellar angular momentum 

For a discussion of the context of this work, the reader is re- 
ferred to our M34 and NGC 251 6 publications in|l rwin et al.l 
l|2006tl and llrwin et all (|2007bl '). The present survey probes 
a different open cluster of younger age (~ 40 Myr for NGC 
2547, compared to ~ 150 Myr for NGC 2516 and 200 Myr for 
M34). Due to the small distance modulus and young age, the 
NGC 2547 survey probes a relatively wide range of masses, 
covering 0.1 < M/M© < 0.9, compared to 0.1 < M/Mq < 0.7 
in NGC 2516^ and O.25<M/M0 < 1.0 in MsZ This wiU al- 
low a more detailed comparison with models of angular mo- 
mentum ev o lution, and in particular to test our results in 
llrwin et al.1 (|2007bt ). where we found that the evolution of 
the fast rotators appeared to be better-reproduced by solid 
body models, and the slow rotators by differentially rotat- 
ing models. At the age of NGC 2547, stars with masses 
M < 0.4 M0 should be fuUy-convective, and at 0.4 M^, just 
begin ning to develop a radiative core (|Chabrier fc Baraffd 
1 19971 ). 



1.2 The survey 

We have undertaken a photometric survey in NGC 2547 us- 
ing the MP G/ESO 2.2ni teles cope with the Wide Field Im- 
ager (WFI: iBaade et aT 1999). Our goals are two-fold: first, 
to study rotation periods for a sample of low-mass members, 
covering K and M spectral types, down to ~ 0.1 Mq, and 
second, to look for eclipsing binary systems containing low- 
mass stars, to obtain dynamical mass measurements in con- 
junction with radial velocities from follow-up spectroscopy. 
Such systems provide the most accurate determinations of 
fundamental stellar parameters (in particular, masses) for 
input to models of stellar evolution, which are poorly con- 
strained in this age range. We defer discussion of our eclips- 
ing binary candidates to a later paper once we have obtained 
suitable follow-up spectroscopy. 

These observations are part of a larger photometric 
monitoring survey of young open clusters over a range of 
ages and metalicities (the M onitor project: iHodgkin et al.l 
I2OO6I and lAigrain et al.ll2007l ). 

The remainder of the paper is structured as follows: the 
observations and data reduction are described in and the 
colour magnitude diagram (CMD) of the cluster and candi- 
date membership selection are presented in ^ The method 




Figure 1. Digitised sky survey (DSS) image of NGC 2547 cov- 
ering ~ 1.4° X 1.3°, showing the coverage of the present survey 
(n umbered 8-ch i p mos aic tiles) , the Spitzer IRAC an d MIPS fields 
of lYoung et al~ and the optical survey of Ijeffries et al.l 

1I2OO4I). Crosses sho w the positions of the X-ray sources from 
Ijeffries et al] boodt) . 



we use for obtaining ph otometric periods is summarised in 
^(see llr^in et al.|[2006l for a more detailed discussion) , and 
our results are summarised in !j5l We discuss the implications 
of these results in ^ and our conclusions are summarised 
in gZl 



2 OBSERVATIONS AND DATA REDUCTION 

Photometric monitoring observations were obtained using 
the MPG/ESO 2.2m telescope with WFI in service mode, 
with ~ 100 hours of observations distributed over a ~ 
8 month period from 2005 October to 2006 May. The instru- 
ment provides a field of view of ~ 34' x 33' (0.31 sq.deg), 
using a mosaic of eight 2k x 4k pixel CCDs, at a scale of 
- 0.238"/pix. 

In order to maximise the number of cluster members 
covered by our survey we elected to use two fields, with a 
120 s /-band exposure in each, observed by cycling between 
them, to give a cadence of ~ 7 minutes, covering ~ 0.6 sq.deg 
of the cluster, illustrated in Figure [T] Our observations are 
sufficient to give 1% or better photometric precision per data 
point from saturation at 7 ~ 14 down to / ~ 18 (see Fig- 
ure [2J, covering K to mid M spectral types at the age and 
distance of NGC 2547. 

We also obtained 120 s and 1500 s V-band exposures 
in each field during photometric conditions, to generate a 
colour magnitude diagram (CMD). 

For a full desc ription of our data reduction steps, the 
reader is referred to llrwin et al.l(|2007al). Brieflv. we used the 
pipeline for the INT wide-field survey (|lrwin fc Lewis, 200II ) 
for 2-D instrumental signature removal (bias correction, fiat- 
fielding, defringing) and astrometric and photometric cali- 
bration. We then generated a master catalogue for each fil- 
ter by stacking 20 of the frames taken in the best conditions 
(seeing, sky brightness and transparency) and running the 
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BB#I /203_ES0879 magnitude 

Figure 2. Plot of RMS scatter as a function of magnitude for 
tlie 7-band observations of a single field in NGC 2547, for all un- 
blended objects with stellar morphological classifications. The di- 
agonal dashed line shows the expected RMS from Poisson noise in 
the object, the diagonal dot-dashed line shows the RMS from sky 
noise in the photometric aperture, and the dotted line shows an 
additional 1.5 mmag contribution added in quadrature to account 
for systematic effects. The solid line shows the overall predicted 
RMS, combining these contributions. 



3 SELECTION OF CANDIDATE LOW-MASS 
MEMBERS 

A catalogue of photometrically-selected candidate members 
(using RIZ photo metry) covering mo st of our survey area 
was available from iJeffries et all (|2004l ) for solar mass down 
to ~ 0.05 M0 (limiting magnitude I ~ 19.5), but we elected 
to perform a new photometric selection using V versus V — 
I CMDs from our data, to make better use of the deeper 
limiting magnitudes of the present survey. 



3.1 The V versus V -I CMD 

Our CMD of NGC 2547 is shown in Figure [3] The V and 
/ measurements were converted to the standard Johnson- 
Cousins photometric system using colour equations derived 
from standard star observations by Mike Irwin (private com- 
munication) : 

{V-I) = (Kcd - I 1.14 (1) 
V = Kcd - 0.08 iy ~ I) (2) 
/ = Iced + 0.06 {V - I) (3) 



source detection software on the stacked image. The result- 
ing source positions were used to perform aperture photom- 
etry on all of the time-series images. We achieved a per data 
point photometric precision of ~ 2 — 4 mmag for the bright- 
est objects, with RMS scatter < 1% for 1^18 (see Figure 

n. 

Our source detection software flags any objects detected 
as having overlapping isophotes. This information is used, 
in conjunction with a morphological im age classification flag 
also generated by the pipeline software l|lrwin fc Lewij200ll ) 
to allow us to identify non-stellar or blended objects in the 
time-series photometry. 

Photometric calibratio n of our data w as carried out us- 
ing regular observations of iLandold (|l992l ) equatorial stan- 
dard star fields in the usual way, as part of the standard 
ESO nightly calibrations. 

Light curves were extracted from the data for ~ 130 000 
objects, 90 000 of which had stellar morphological classifica- 
tions, using our standard apertu re photometry techniques, 
described in llrwin et al.l |200^). We fit a 2-D quadratic 
polynomial to the residuals in each frame (measured for each 
object as the difference between its magnitude on the frame 
in question and the median calculated across all frames) as 
a function of position, for each of the 8 CCDs separately. 
Subsequent removal of this function accounted for effects 
such as varying differential atmospheric extinction across 
each frame. Over a single CCD, the spatially-varying part 
of the correction remains small, typically ~ 0.02 mag peak- 
to-peak. The rea sons for usi ng this technique are discussed 
in more detail in llrwin et al. (2007a). 

For the production of deep CMDs, we used the J-band 
master catalogue, and combined the V-band exposures. The 
fimiting magnitudes, measured as the approximate magni- 
tude at which our catalogues are 50% complete on these 
images were V 23 and / ~ 23. 



Candidate cluster members were selected by defining 
an empirical cluster sequence 'by eye' to follow the clearly- 
visible cluster single-star sequence. The cuts were defined by 
moving this line along a vector perpendicular to the cluster 
sequence, by amounts k — a{V — I) and k + a{V — I) as 
measured along this vector, where a{V — I) is the photo- 
metric error in the V — I colour. The values of k used were 
—0.15 mag for the lower line and 0.5 mag for the upper line 
on the diagram, making the brighter region wider to avoid 
rejecting binary and multiple systems, which are overlumi- 
nous for their colour compared to single stars. 800 candidate 
photometric members were selected, over the full V magni- 
tude range from V = 12.5 to 24, but the well-defined cluster 
sequence appears to terminate at Af ~ 0.1 M0, or V ^ 21, 
with a few candidate members below this limit, but with 
high field contamination. 

The selec tion region used here is comparable to that of 
IJeffries et all |2004 ). and below V ~ 16, 100% of their can- 
didate cluster members are also selected by our cut. Above 
V ~ 16, there are slight differences in the isochrones and due 
to saturation in the present sample, and the corresponding 
fraction is reduced to ~ 90%. 

We also consi dere d using the model i sochrones of 
iBaraffe et al] (|l998l ) and lChabrier et all (|2000l ) for selecting 
candidate members. The NextGen model isochrones were 
found to be unsuitable due to the known discrepancy be- 
tween these models and observations in the V — I colour 
for Toff < 3700 K (corresponding here to V - I >2) This 
was examined in more detail by iBaraffe et al.l l|l998l ). and 
is due to a missing source of opacity at these temperatures, 
leading to overestimation of the V'-band flux. Consequently, 
when we have used the NextGen isochrones to determine 
model masses and radii for our objects, the 7-band absolute 
magnitudes were used to perform the relevant look-up, since 
these are less susceptible to the missing source of opacity, 
and hence give more robust estimates. 
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Figure 4. Contamination, measured as the ratio of the calcu- 
lated number of objects in each magnitude bin from the Galactic 
models, to the number of objects detected and classified as candi- 
date cluster members in that magnitude bin. Note that bins with 
contamination estimates > 100% (where there were more objects 
in that bin from the Galactic model than were actually observed) 
have been truncated to 100%. 

overall contamination level of ~ 59% after correcting for 
bins where the number of objects predicted by the models 
exceeded the number actually observed (we simply assumed 
100% field contamination in these bins). Figure |4] shows the 
contamination as a function of V magnitude. We note that 
this figure is somewhat uncertain due to the need to use 
Galactic models, and especially given the overestimation of 
the numbers of observed objects by the models. Follow-up 
data will be required to make a more accurate estimate. 



Figure 3. V versus V - I CMD of NGC 2547 from stacked 
images, for all objects with stellar morphological classification. 
The cluster sequence is clearly visible on the right-hand side of 
the diagram. The boundaries of the region used to select photo- 
metric candidate members are shown by the dashed lines (all 
objects between the dashed lines were selected). The redden- 
ing vector for Ay = 1.0 is shown at the right-hand side of the 
diagram. The mass scale is from the 40 Myr NextGen models 
llBaraffe et al.lll998h for M > 0.1 Mq, and the 50 Myr DUSTY 
models l lChabrier et al.ll2000l) for M < 0.1 M0, using our em- 
pirical isochrone to convert the V magnitudes to / magnitudes, 
and subsequently obtaining the masses from these, due to known 
problems with the V magnitudes from the models (see i|3.1l l. The 
error bars at the left-hand side of the plot indicate the typical 
photometric error for an object on the cluster sequence. 



3.2 Contamination 

In order to estimate the level of contamination in our cata- 
logue , we used the Besangon Galactic models (|Robin et al.l 
|2003| ) to generate a simulated catalogue of objects pass- 
ing our selection criteria at the Galactic coordinates of 
NGC 2547 {I = 264.4°, b = -8.5°), covering the total 
FoV of ~ 0.59 sq.deg (including gaps between detectors). 
We selected all objects over the apparent magnitude range 
10 < V < 24, giving 120 000 stars. The same selection pro- 
cess as above for the cluster members was then applied to 
find the contaminant objects. A total of 888 simulated ob- 
jects passed these membership selection criteria, giving an 



4 PERIOD DETECTION 
4.1 Method 

The method we use f or detection of pe riodic variables is 
described in detail in llrwin et al.l l|2006t ). and we provide 
only a brief summary here. The method uses least-squares 
fitting of sine curves to the time series m{t) (in magnitudes) 
for all candidate cluster members, using the form: 

m{t) — nidc + asin[ujt + (j)) (4) 

where m^c (the DC light curve level), a (the amplitude) and 
<j) (the phase) are free parameters at each value of ui over an 
equally-spaced grid of frequencies, corresponding to periods 
from 0.005 — 100 days for the present data-set. 

Periodic variable light curves were selected by evaluat- 
ing the change in reduced x^: 

^xt = xl ~ xLmooth > 0.4 (5) 

where xt is the reduced of the original light curve with 
respect to a constant model, and x^, smooth is the reduced 
of the light curve with the smoothed, phase- folded version 
subtracted. This threshold was used for the M34 data and 
appears to work well here too, carefully checked by exam- 
ining all the light curves for two of the detectors, chosen 
randomly. A total of 482 objects were selected by this auto- 
mated part of the procedure. 

The selected light curves were examined by eye, to de- 
fine the final sample of periodic variables. A total of 176 
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Figure 6. Detected period as a function of actual (input) period 
for our simulations. Objects plotted with crosses had fractional 
period error < 10%, open circles > 10%. The straight lines rep- 
resent equal input and output periods, and factors of 2, 3, 1/2 
and 1/3. The curved lines are the loci of the ±1 day~^ aliases 
resulting from gaps during the day. The majority of the points 
fall on (or close to) the line of equal periods. 

light curves were selected, with the remainder appearing 
non- variable or too ambiguous to be included. 

4.2 Simulations 

Monte Carlo simu lations were perf ormed following the 
method detailed in llrwin et al.l (|2006l ) ■ injecting simulated 
signals of 2% amplitude and periods chosen following a uni- 
form distribution on logjQ period from 0.1 to 20 days, into 
light curves covering a uniform distribution in mass, from 
1.0 to 0.1 Mq. a total of 1015 objects were simulated. 

The results of the simulations are shown in Figure [S] 
as diagrams of completeness, reliability and contamination 
as a function of period and stellar mass. Broadly, our pe- 
riod detections are close to 100% complete from 0.9 M0 
down to 0.1 M0, with remarkably little period dependence. 
Figure [6] shows a comparison of the detected periods with 
real periods for our simulated objects, indicating remarkably 
high reliability, especially compared to the earlier data-sets 
l|lrwin et al.ll2006l : llrwin et al.ll2007bl ). resulting from the ex- 
tremely long time base-line of the present survey afforded by 
observing in service mode. 

These results indicate overall that the service mode 
observing strategy as implemented by ESO performs very 
favourably for rotation period detection in NGC 2547, com- 
pared to our co r iventional visitor mode observations (e.g. 
llrwin et al.ll2006l : llrwin et al.ll2007bl ). In particular, the sam- 
pling is very well-suited to determining extremely precise 
and accurate rotation periods, as illustrated in Figure [6] 

However, there are two principal disadvantages. The 
long time span of the observations, and sparse sampling, here 
over ~ 8 months, means the process of period detection is 
complicated by the evolution of the spot patterns on the stel- 



lar surfaces giving rise to the photometric modulations. This 
has the effect of modifying the amplitude and phase of the 
variability, and may occur over timescales of a few months. 
This has not been accounted for in the simulations. Qual- 
itatively, this effect may reduce the overall detection rate 
since the variations will not produce a smooth phase-folded 
light curve for any plausible period, and will therefore be 
rejected in the detection process. Furthermore, for eclipsing 
binary detection this is obviously a serious problem, since 
the variations become much more difficult to remove when 
searching for shallow eclipses. 

The second problem relates to the observing conditions. 
Since desired weather conditions are specified for a service 
mode proposal, and differential photometry does not require 
the best observing conditions, a service mode programme 
will in general receive poorer conditions than a visitor mode 
progra mme performed in good weather (e.g. the NGC 2516 
survey: flrwin et aLll2007bl ). For rotation period detection at 
reasonable amplitudes, the simulations indicate that this is 
not a serious issue. However, poor seeing and particularly 
poor transparency, increase the le vel of low-amplitud e corre- 
lated noise in the hght curves (see llrwin et al.|[2007ah . which 
severely impedes detection of shallow transit events. 

The effects of both these factors on transit detection 
will be evaluated in more detail in a future publication pre- 
senting our eclipse candidates. 

4.3 Detection rate and reliability 

The locations of our detected periodic variable candidate 
cluster members on a 1/ versus V — I CMD of NGC 2547 are 
shown in Figure [7] The diagram indicates that the majority 
of the detections lie on the single-star cluster sequence, as 
would be expected for rotation in cluster stars as opposed 
to, say, eclipsing binaries. 

Figure |S] shows the fraction of cluster members with de- 
tected periods as a function of V magnitude. The decaying 
parts of the histogram at the bright and faint ends may be 
caused by the increased field contamination here (see Fig- 
ure |3]), since we expect field objects on average show less 
rotational modulation than cluster objects, and/or incom- 
pleteness effects resulting from saturation for V < 14, and 
for V > 20, the gradual increase in the minimum amplitude 
of variations we can detect (corresponding to the reduction 
in sensitivity moving to fainter stars, see F igure 

In the M34 survey of llrwin et al.l (|2006| ). we commented 
on a possible increase in the fraction of photometric vari- 
ables from 7^ to M spectral types, subject to a large un- 
certainty due to small number sta tistics. This featur e was 
also seen in the NGC 2516 survey (|lrwin et al.ll2007bl ), and 
the three distributions look qualitatively very similar after 
correcting for the different mass ranges covered, with a rise 
in the fraction of periodic objects detected at spectral types 
of ~ MO. However, in all three cases, this is also the point 
at which the cluster sequence becomes well-separated from 
the field in the CMD analysis, corresponding to a reduction 
in field contamination moving toward later spectral types. 
It is therefore difficult to say if the trend is significant from 
the present observations. 

Likewise, lower field contamination is expected in the 
rotation sample than in the full candidate membership sam- 
ple. Typical field population ages for the young disc of 3 Gyr 
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Figure 5. Results of the simulations for 0.02 mag amplitude expressed as percentages, plotted as a function of mass (left) and period 
(right). The simulated region covered 0.1 < M/Mq < 0.9 in order to be consistent with the NGC 2547 sample. Top panels: completeness 
as a function of real (input) period. Centre panels: Reliability of period determination, plotted as the fraction of objects with a given 
true period, detected with the correct period (defined as differing by < 20% from the true period). Bottom panels: Contamination, 
plotted as the fraction of objects with a given detected period, having a true period differing by > 20% from the detected value. 



l|Mavoilll97i : lMeusinger. Stecklum fc Reimannlll99lh imply 
slower rotation rates by factors of ~ a few than cluster 
members, and reduced activity, implying smaller asymmet- 
ric components of the spot coverage and hence lower pho- 
tometric amplitudes (which probably render many of them 
undetectable). 

The properties of all our rotation candidates are listed 
in Table [T] 



4.4 Non-periodic objects 

The population of objects rejected by the period detec- 
tion procedure described in f|4] was examined, finding that 
the most variable population of these light curves (which 
might correspond to non-periodic or semi-periodic variabil- 
ity) was contaminated by a small number of light curves 
(~ 50) exhibiting various uncorrected systematic effects, 
mostly seeing-correlated variations due to image blending. It 
is therefore difficult to quantify the level of non-periodic or 
semi-periodic variability in NGC 2547 from our data. Qual- 
itatively however, there appear to be very few of these vari- 
ables, and examining the light curves indicated only ~ 10 
obvious cases, some of which resembled eclipses (presumably 
due to eclipsing binaries), and will be the subject of a later 
Monitor project paper. 



5 RESULTS 

5.1 NGC 2547 rotation periods 

Plots of period as a function oiV — I colour and mass for the 
objects photometrically selected as possible cluster members 
are shown in Figure |9] These diagrams show a striking corre- 
lation between stellar mass (or spectral type) and the longest 
rotation period seen at that mass, with a clear lack of slow 
rotators at very low masses. This trend is also followed by 
the majority of the rotators, with only a tail of faster ro- 
tators to ^ 0.2 day periods. Furthermore, very few objects 
were found rotating faster than this, implying a hard lower 
limit to the observed rotation periods at 0.2 days. 

Could the apparent morphology in Figure be ex- 
plained by sample biases? The simulations of i|4.2l suggest 
that this is unlikely, since we are sensitive to shorter periods 
than the 0.2 — 0.3 day 'limit', and the slight bias toward 
detection of shorter periods at low mass is not sufficient to 
explain the observations for the slow rotators. Furthermore, 
Figure [TD] indicates that the lack of sensitivity to low am- 
plitudes at low masses does not appear to introduce any 
systematic changes in the detected periods. 

FigurelTOlshows an apparent lack of objects with masses 
M < 0.4 Mq and rotation periods > 2 days, a region of the 
diagram where the survey is sensitive down to amplitudes 
of 0.01 mag (see also g^. 
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0.47 


0.59 


N2547-1-1-3640 


08 11 59.66 


-48 46 56.8 


15.58 


14.01 


3.213 


0.038 


0.76 


0.82 


N2547-1-1-3903 


08 11 22.55 


-48 46 29.8 


14.90 


13.57 


0.991 


0.005 


0.81 


0.89 


N2547-1-1-4637 


08 11 46.91 


-48 44 54.0 


17.16 


14.83 


3.071 


0.024 


0.61 


0.69 



Table 1. Properties of our 176 rotation candidates. The period P in days, t-band a mplitude ai (units of magnitudes, in the instrumental 
bandpass), interpolated mass and radius (from the models of * Baraffe et a l.^ 1998, derived using the / magnitudes) are given (where 
available). Our identifiers are formed using a simple scheme of the cluster name, field number, CCD number and a running count of stars 
in each CCD, concatenated with dashes. The full table is available in the electronic edition. Machine readable copies of the data tables 
from all the Monitor rotation period publications are also available at ^http: //www. ast ■ cam. ac.uk/research/monitor/rotation/ , 
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Figure 7. Magnified V versus V -I CMD of NGC 2547, for ob- 
jects with stellar morphological classification, as Figure [3] show- 
ing all 176 candidate cluster members with detected periods 
(black points). The dashed lines show the cuts used to select can- 
didate cluster members (see JSTTJ. 

A very large fraction (~ 50%) of the bright rota- 
tors (M > 0.4 Mp)) were detected in the X-ray survey of 
Ijeffries et al.l (|2006f ). Detection in X-rays is suggestive of 
youth and hence cluster membership, which confirms that 
the level of field contamination is low in the rotation sam- 
ple, especially when the incomplete spatial overlap between 
our optical survey and the XMM-Newton observation of 
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Figure 8. Fraction of candidate cluster members detected as 
periodic variables, plotted as a function of magnitude. This dis- 
tribution has not been corrected for incompleteness in the period 
detections, which are close to 100% complete for 14 < V < 20 
(shown by the vertical dashed lines), or for the effects of field 
contamination. 

Ijeffries et al ](l2006|) is accounted for. Very few of the lower- 
mass stars in Figure |9] were detected in X-rays (e.g. for 
M < 0.3 M0 there was only a single X-ray detection), but 
this is not surprising since thes e objects are fainter. Indeed, 
Figure 3 of lJeffries et al.l (|2006| ) indicates that the X-ray de- 
tection limit for a cluster member corresponds to 7 ~ 16, 
equivalent to M ~ 0.34 Mq with the models we are using. 

5.1.1 Period distributions 

In order to quantify the morphology of Figure |9l we have 
used histograms of the rotation period distributions in two 
broad mass bins, 0.4 < M/Mq < 1.0 and M < 0.4 Mq, 
shown in Figure [TT] We have attempted to correct the distri- 
butions for the effects of incompleteness and (un)reliability 
using th e simulations descri bed in ^4.21 following the method 
used in llrwin et all (|2006D . The results of doing this are 
shown in the solid histograms in Figure 1111 and the raw 
period distributions in the dashed histograms. 

The period distributions in the two mass bins of Fig- 
ure [TT] show clear differences, with the low-mass stars (M < 
0.4 Mq) showing a strongly peaked rotational period distri- 
bution, with a maximum at ~ 0.6 — 0.7 days, whereas the 
higher-mass stars (0.4 < M/Mq < 1.0) show a broader dis- 
tribution. We applied a two-sided Kolmogorov-Smirnov test 
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0.4 < M/M„ <= 1.0 



0.4 < M/Mq <= 1 .0 



20 



Period (days) 
M < 0.4 M„ 



Period (days) 
M < 0.4 M„ 



Period (days) 



Period (days) 



Figure 11. Period distributions for objects classified as possible photometric members, in two mass bins; 0.4 < M/M© < 1.0 (upper 
row, corresponding roughly to K and early-M spectral types) and M < 0.4 (lower row, late-M). The left-hand panels show the 
distributions plotted in linear period, and the right-hand panels show the same distributions plotted in logjg period. The dashed lines 
show the measured period distributions, and the solid lines show the results of attempting to correct for incompleteness and reliability, 
as described in the text. 



to the corrected distributions to confirm the statistical sig- 
nificance of this result, finding a probabihty of 2 x 10"^'^ that 
the distributions were drawn from the same parent popula- 
tion. 

The implication of this result is that the observed mor- 
phology in Figure |9l and in particular the increase of the 
longest observed rotation period as a function of increasing 
mass, a trend followed also by the bulk of the rotators, is 
real and statistically significant. 



5.1.2 Rapid rotators 

We have examined the periods of our fastest-rotating stars, 
to check if they are rotating close to their break-up velocity. 
The critical period Pcrit for break-up is given approximately 
by: 



Pcrit =0.116 days 



(P/Re 



N3/2 



(M/M0)i/2 



(6) 



where R and M are the st ellar radius and mass respec- 
tivelv (e.g.THerbst et al.ll2002l ). Using the NextGen models of 



iBaraffe et al. ('1998'), the object rotating closest to breakup 
is N2547-2-2-1563, with Pcrit/P = 0.46. However, the ma- 



jority of our objects are rotating at much lower fractions of 
their break-up velocity. 

Figure [TU] indicates that there is only one object with 
P < 0.2 days, N2547-2-2-1485 at P = 0.188 days. Therefore, 
in common with the other clusters we have studied, we find 
a short-period limit of ~ 0.15 — 0.2 days, with no objects 
found rotating faster than this rate. 



5.2 The rotation-activity relation 

Observations of open clusters in the age range 50 Myr to 
several Gyr have established an age-rotation-activity rela- 
tionship, where younger stars tend to be more rapidly ro- 
tating, and emit strong X-rays (up to a saturation level), 
whereas older stars have spun-down to lower rotatio n rates, 
and emit a smaller f r action of their flux i n X-rays l|jeffriesl 
1 19991 : iRandichllioOol ). I Jeffries et all (|2006l ) established that 
G and K stars in NGC 2547 follow the same relationship be- 
tween X-ray activity and Rossby number established for field 
stars and old clusters, but at saturated or super-saturated 
X-ray activity levels, with I/^/Z/boi values similar to those 
for T-Tauri stars in the ONC, but an order of magnitude 
higher than in the Pleiades. In this section, we re-evaluate 
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Figure 9. Plots of rotation period as a function of dereddened 
V — I colour (top), and mass (bottom) for NGC 2547, deriving 
th e masses using the 4 Myr NextGen mass-magnitude relations 
of lBaraffe et al and the measured /-band magnitudes. 



Period (days) 

Figure 10. Plots of amplitude as a function of period for NGC 
2547, in two mass bins: 0.4 < M/Mq < 1.0 (top) and M < 
0.4 M0 (bottom). 



the rotation-activity relation using the present NGC 2547 
rotation perio d sample, wh i ch pro bes to lower masses than 

the sample of ljeffries et al.l l|2006l). 

Following the method of ljeffries et~al] (|2006l ). Figure [12] 
shows a plot of X-ray activity as a function of the Rossby 
number, defined as the ratio of rotation period to convec- 
tive overturn timescale at the base of the co nvection zone. 
Our X-ray luminosities were taken from I Jeffries et al.1 
l|2006l ). but assuming a distance of 361 pc for consistency 
with the distance modulus of 7.79 we assume in this work 
(see Sjl]). Bolometric luminosities were calculated from the 
V^-band absolute magnitudes and V — I colours using a 
quadratic fit to the empirica l bolometric corrections and 
colours of lLeggett et al.l (|l996l ): 



BCv = 0.243 - 0.583 {V - I) - 0.128 {V - if 



(7) 



The va l ues o f rconv were derived using Eq. (4) of 
iNoves et al.l (|l984l ) and B — V colours of our stars, obtained 
from a linear fit to the intrinsic stellar colours of iLeggetH 
l|l992h : 



{B-V)= 0.907 + 0.268 (V - I) 



(8) 



These relations should give reliable results over the en- 
tire late-K to mid-M range of spectral types covered by the 
present rotation sample. 

Comparing Figure [l2]to Figure 9 of ljeffries et~al] (120061 ) 
shows that we reproduce the same trend of X-ray activity 



+ + . o cP 
P...co.'.-+-V-*-. . 



-10 " 0.01 0.1 1 10 

P / ^con. 

Figure 12. Plot of X-ray activity (0.1 — 2.4 keV lum inosity di- 
vided by bolometric luminosity, as jjeffries et al.ll200(J) as a func- 
tion of the Rossby number for the NGC 2547 rotation period data 
(open circles). Also shown are the compil ation of results for fiel d 
and cluster stars (small black points) from lPizzolato et al.lll2003l) . 
and for ONC s t ars in the range 0.5 < M/Mq < 1.2 (crosses) from 
Getman et"al] (|2005l) . assuming a fixed v a ue of Tc = 250 yr (see 
Preibisch et al.ll2005| - 1 Jeffries et al.ll2006D . 
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with Rossby number seen in the earlier NGC 2547 work, 
and the ONC, where we have used a similar plot scale to aid 
comparison with their Figure. 

A small group of objects at P/tcouv ^ 0.025 and 
Lx/L-t^oi ~ 10"'^ in the NGC 2547 sample have unusually 
small values of P/tcouv compared to the remainder of the 
NGC 2547 objects. These all have very short rotation peri- 
ods ( 5 . 0.6 days). Comparing with Figure 9 of Ijeffries et al.l 
(|2006f rindicates that they also see one object in this region 
of the diagram. It is possible that these objects could show 
fast rotation rates as a result of tidal synchronisation effects 
in binary systems, a hypothesis which could be verified with 
follow-up spectroscopy. 

There are also a small number of objects showing un- 
usually strong X-ray emission, with Lx/Lhoi values up to 
- 10"^ which were not seen bv I Jeffries et al.l ^2006). Such 
high X-ray luminosities would be indicative of very strong 
activity, or alternatively, overestimation of Lx or underes- 
timation of I/boi- These objects could also result from mis- 
identification of a very luminous background AGN in X-rays 
with a cluster star in the optical, given the large search radii 
(here 6") which must be used due to the limited astrometric 
accuracy of the X-ray data. 

In order to attempt to trace the rotation-activity rela- 
tion to lower-mass in NGC 2547, it would be desirable to ob- 
tain deeper X-ray observations, since the stars with masses 
< 0.35 Mq wer e not detected in th e existing XMM-Newton 
observations of Ijeffries et al.l (|2006l ). 



5.3 Comparison with mid-IR Spitzer observations 

We have compared the rot ation period r e sults to the mid- 
IR Spitzer observations of ICorlova et al.l (|2007f ). to search 
for any correlation between mid-IR excess (presumably due 
to a circumstellar disc) and rotation period, as would be 
expected in the disc regulation paradigm for angular mo- 
mentum evolution on the early-PMS. 

Figure [13] shows a plot of [3.6] — [8.0] colour versus 
rotation period. There are only three objects in the ro- 
tation period sample identified as having possible 8.0 /im 
excesses. These are N2547-1-6-3669, N2547-2-2-6311, and 
N 2547-2-3-6494. Of these, the latter two objects are flagged 
bv lGorlova et al.) |2007j) as having possibly unreliable 8.0 fim 
measurements, due to the presence of nearby sources or 
other image features which might contribute to the mea- 
sured flux (confirmed by visual examination of our /-band 
images). Therefore, only one object, N2547-1-6-3669, has a 
reasonably reliable 8.0 nm excess. This has a very low in- 
ferred mass of 0.21 Mq, and falls on the locus of slow rotators 
at this mass, having a rotation period of 1.48 days. 

Given the extremely small number of objects under dis- 
cussion, it is difficult to draw any conclusions regarding the 
disc regulation paradigm. However, the only object with re- 
liable evidence of an inner disc, N2547-1-6-3669, is indeed 
a slow rotator, as would be expected if its angular velocity 
was regulated by the presence of the disc. 

One object in the rotation sample has a 24 /xm detec- 
tion, and shows an excess in this band: N2547-1-5-1123. 
Again, this has a low inferred mass of 0.25 Mq, but is a 
rapid rotator, having a period of 0.41 days. This object does 
not have an 8 nm excess, indicating that the inner disc has 



Photospheres 



Period (days) 

Figure 13. Plot of [3.6] — [8.0] colour as a function of period. The 
sizes of the symbols indicate the masses of the objects, with the 
smallest symbols corresponding to M 0.1 M©, and the largest 
to M ~ 0.9 Mq. The horizontal dashed line in dicates indicates 
the threshold of [3.6] - [8.0] > 0.7 used bv lCieza fc Balibcr. (,2006l ) 
to select objects showing 8.0 ^m excesses. 



cleared, which may also be consistent with the disc regula- 
tion paradigm, since the inner disc is most likely the part 
that couples to the star to induce angular momentum loss 
and prevent it from spinning up. 

The existence of a rel atively large fraction of 24 ^m 
detections in the sample of ICorlova et al.l lj2007h motivates 
deeper MIPS observations, to probe to lower masses: the 
existing observations were only sufficient to detect photo- 
spheres down to F spectral types. The single object with a 
24 fim detection has a mid-M spectral type, and was oifly 
detected as a result of its large 24 ^m excess. 



5.4 Comparison with other data-sets 

5.4-1 Period versus mass diagram 

Figure [T^ shows a diagram of rotation p eriod as a functio n 
of stellar mass for the ONC (1 ± 1 Myr ; lHillenbrandlll997l ). 
NGC 2264 (2 - 4 Mvr: jPark et al.ll200Gl). NGC 2362 (- 5 ± 



Myr; iMoitinho et al.H200ll : iBalona fc Lanev 



1996 ). NGC 

2547, the Pleiades 100 Mvr: iMevnet et al.lll993li NGC 
2516 (~ 150 Mvr: Ijeffries. Thurston fc Hamblvll200]]) . and 
M34 (- 200 Myr; I Jones fc Prosserlll996l) . Data sources for 
each cluster are indicated in the figure caption. 

The diagram clearly shows a gradual evolutionary se- 
quence, from a relatively flat mass-dependence of the rota- 
tion periods in the ONC (~ 1 Myr), to a sloping relation in 
NGC 2362 (- 5 Myr) and NGC 2547, and the emergence 
of the break between a flat distribution for M > 0.6 Mp, 
and strongly sloping distribution at lower masses, for the 
Pleiades, N GC 2516 (~ 1 50 My r) and M34 (~ 200 Myr), as 
discussed in llrwin et al.l l|2007bl ). 



6 DISCUSSION 

6.1 Link to angular momentum 

It is instructive to re-examine Figure[9]in terms of the stellar 
angular momentum J. We define 



J 



luj 



(9) 
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Figure 14. Rotation period as a function of stellar mass for 
(top to bottom): ONC, NGC 2264, NGC 2362, NGC 2547, the 
Pleiades, NGC 2516 and M34. Lower and upper limits (from 
i;sini data) are marked with arrows. The masses were taken 
from the NextGen mass-magnitude relations llBaraffe et al. ||l998[) 
at the appropriate ages. The ONC data ar e from iHerbst et al.l 
||2002|'). For NGC 2264 we used the data of iLamm et al.l fcOOSl'l 
and iMakidon et al.l ^2004 ). The NGC 2362 data are from the 
Monitor project, to be published in Irwin et al. (in preparation). 
The P leiad es rotation period data are a c o mpilat ion of the results 
from l\^n Locuwcn. Alplicnaar & Mev j ^ ll 19871'). 'Stauffcr ct al. 
( 1987 ''). Magnitskii (1987), Prosscr et al. (1993a), Pros ser etliD 
( 1993h ). Prosscr ct al. (1995), Kris hnamurthi ct al. ( I Qgj) ( taken 
from the open c l uster database'). iTerndrup et al J lll999t ) and 
IScholz fc Eisloffell ( |2004). The Pleiades v si n i data are a compila- 
tion o f re sults from [ staufFer et"^ ] (ll984).IStauifer fc HartmannI 
lM6C! b o Ft3(8ieMWAi8 @St , dOl&Sghn I Jones. Fischer fc Stauffei 
' l996l V [QucIoz ct al. (1991) a nd ITerndrup et al.l (|2000l '). The 



run et aLI (j. 

NGC 2516 d ata are taken fr o mllrwin et al.l ll2007a) . plus upper 
limits from ITerndrup et al ] (|2002f ). and the M34 data from 



Figure 15. Stellar angular momentum J as a function of mass 
for the NGC 2547 rotation period sample. The error bars show 
the median of the distribution binned in 0.1 dex bins of logM, 
and the solid line shows a fit of J oc M to the median. 



(10) 



where / = k^MR^ is the moment of inertia of a star of mass 
M and radius R, k is the radius of gyration (fc^ = 2/5 for 
a uniform sphere rotating as a solid body), and u = 2ti/P 
is the rotational angular velocity. A plot of J as a function 
of stellar mass for the NGC 2547 sample is shown in Figure 

We computed the median angular momentum as a func- 
tion of mass for the NGC 2547 data, shown in Figure 1151 
The relation is consistent with the same J oc M, or spe- 
cific angula r mome ntum j = constant, relation as seen by 
[irwin et al.' ('2007b' ), and consist e nt wi th the conclusions 
of Hcrbst, Bailer- J ones fc Mundtl (|200ll ) in the ONC. The 
lack of any change in the median relation for stars still un- 
dergoing contraction on the PMS indicates that any mass- 
dependent angular momentum losses are not important in 
determining the evolution of the median over this age range, 
unless high angular momentum is hidden in a fast rotating 
radiative core. However, this is not the case in detail or once 
the stars reach the ZAMS, in particular it is clear (e.g. from 
Figure I14|) the shape of the distribution does evolve in a 
mass-dependent fashion (see also the next Section). 



6.2 Simple models 

6.2.1 Description 

For a full description of our simple mode l scheme, the reade r 
is referred to the NGC 2516 publication l|lrwin et al.ll2007bh . 
Briefly, we have generated models for solid body rotation, 
and a simple implementation of core-envelope decoupling 
where the core and envelope are treated as two separate 
entities joined at the convective/radiative boundary by an- 
gular momentum transfer according to the prescription of 
iMacGregoJ (|l99ll ). The angular momentum loss rate was 
split into two components: losses due to stellar winds, as- 
suming a loss law with saturation at a critical angular ve- 
locity Wsat (allowed to vary as a function of mass) , and losses 
due to disc locking, which to a good approximation main- 
tains a constant angular velocity until the circumstellar disc 
dissipates at an age Tdisc. For the decoupled models there 
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is one further parameter, Tc, the timescale for couphng of 
angular momentum between the core and envelope. 

For NGC 2547, we have computed the object masses 
using two different values of the cluster parameters (par- 
ticularly, the age), in order to examine the consistency of 
the rotation periods with the range of cluster ages found 
in the literature. The first set of parameters are those as- 
sumed earlier, corresponding to an age of 38.5 Myr, which is 
consistent with the Lithi um age for the cluster of ~ 35 Myr 
llJeffries fc Oliveirallioosi ). The second set of parameters cor- 
resp onded to the "conven tional" isochrone based estimates, 
from iNavlor et al] (12002 *). with an age of 25 Myr, and cor- 
responding distance modulus (M — m)o = 8.05. 

6.2.2 Evolution from NGC 2362 

We first attempt to evolve the observed rotation rates from 
our survey in NGC 2362 (Irwin et al., in preparation) for- 



Followi ng the method used in Section 6.2.2 of llrwin et al.l 
l|2007bl ). we have characterised the slow rotator population 
by the 25th percentile (the lower quartile) of the distribution 
of observed angular velocities, u, and the fastest rotators by 
the 90th percentile. 

Figure 1161 sho ws a revised version of Figure 19 of 
llrwin et al.l (|2007bl '). adding in the NGC 2547 data. We have 
re-used the solid body and differentially rotating model fits 
to the NGC 2516 data: the models were not re-fit with the 
NGC 2547 observations. The mass bins used were as before: 
0.9 < M/Mq < 1.1, 0.7 < M/Mq < 0.9, 0.5 < M/Mq < 
0.7, 0.35 < M/Mq < 0.5, and 0.2 < M/M© < 0.35 (chosen 
empirically to encompass the changes in behaviour seen in 
the models, while retaining reasonable statistics). The mod- 
els were calculated for single masses roughly at the centre 
of these bins, of 1.0, 0.8, 0.6, 0.42 and 0.28 Mq. Since there 
are very few observations (one) in the highest-mass bin for 
NGC 2547, this will not be discussed further here. 

Model parameters are summarised in each panel of Fig- 
ure 1161 Briefiy, we fit the models using NGC 2362 as an 
initial condition, to best-reproduce the NGC 2516 rotation 
periods. The saturation angular velocity ojsat and disc life- 
time Tdisc were varied to obtain the best-fit for the solid body 
models to the fast rotators, and for the decoupled models 
we varied Tc, the c ore-envelope couplin g timescale, to fit the 
slow rotators. See llrwin et al.1 (|2007bl ) for a more detailed 
discussion. 

The models for the 0.7 < M/Mq < 0.9 bin show 
overall good agreement with the NGC 2547 data. At this 
mass and age it is difficult to distinguish between the solid 
body and decoupled models, but at later ages, the solid 
body model appears to give a better fit to the rapid rota- 
tors, and a different ially-rotating model to the slow rotators 
llrwin et al.ll2007bl ). 

However, in the remaining three bins (and to some ex- 
tent in the 0.7 < M/Mq < 0.9 bin), a clear trend is visible 
for both the fast and slow rotator populations, where the 
observations show that the stars in NGC 2547 are rotating 
slower than expected. 

Returning to Figure 1141 it is clear that the fastest ro- 
tators have spun up significantly from NGC 2362 to NGC 
2547, in accordance with the model prediction. Furthermore, 
there is some degree of scatter in the NGC 2362 data, espe- 



cially at short periods, which may be due to contamination, 
e.g. from field binaries (Irwin et al., in preparatio n) in a 
simil ar fashion as we have hypothesised i n M34 (Ir win et al.l 
|2006| ) and NGC 2516 (|lrwin et al.ll2007bh . If this is true, the 
presence of these objects has shifted the 90th percentile in 
NGC 2362 upward in uj, and may partly explain the dis- 
crepancy, especially due to the small number of objects in 
question. It is difficult to confirm this hypothesis before ob- 
taining follow-up spectroscopy for the NGC 2362 sample to 
determine the nature of these objects. 

For the slow rotators, examining Figure [14] indicates 
that there are a number of 'outliers' at longer period than 
the general trend shown by the upper envelope of the rota- 
tors. It is possible that that if these objects were removed 
from the computation of the percentiles, the slow rotators 
would then fall into agreement with the models. The nature 
of these objects is not clear, and we defer discussion of them 
in detail until we can obtain spectroscopy to confirm their 
nature as slow rotators, and confirm the masses we have 
determined from the models of iBaraff e et al.l (|l998l ). 

Returning to the issue of the age of NGC 2547, the ro- 
tation periods seem to be slightly more consistent with the 
younger 25 Myr age, although the results are still clearly not 
reproduced by the models, especially in the intermediate- 
mass 0.5 < M/Mq < 0.7 and 0.35 < M/Mq < 0.5 bins, 
where the NGC 2547 objects appear to be rotating slower 
than the models predict. Moving the NGC 2547 points to 
the left in the diagram would improve agreement with the 
models, but this is difficult to justify since the youngest ages 
in the literature for this cluster are ~ 20 — 25 Myr. Given 
the uncertainties in the models, the rotation period mea- 
surements cannot therefore place useful constraints on the 
cluster age. 

In light of the discussion above, the NGC 2547 data 
seem to be in reasonable agreement with the models, pend- 
ing the results of spectroscopic follow-up, without need for 
significant modifica tion from the earlier NGC 2516 study 
llrwin et al.l (|2007bl ). At this age it is difficult to observe 
the effects of core-envelope decoupling, so we are unable to 
refute our earlier statements that core-envelope decoupled 
models appear to be required to reproduce the evolution of 
the slowest rotators, and that the same models do not ap- 
pear to give a good fit to the fast rotators, which are well-fit 
by solid body models. 



6.2.3 Detailed evolution 

Figure rrri shows the results of attempting to evolve the mea- 
sured rotation periods in NGC 2362 forward in time to the 
age of NGC 2547 using the models we have described, with 
the relations fit from the NGC 2516 data for cusat as a func- 
tion of mass, on an object-by-object basis. By doing this, we 
can test if the model we have presented can reproduce the 
observations of NGC 2547, given the NGC 2362 rotators as 
an input. 

Comparing the left and right-hand panels in Figure [17] 
indicates that the results are relatively independent of the 
assumed age for NGC 2547. This is due to the relatively 
shallow slope of the time-dependence in the rotation rates 
during this age range (see Figure I16p . 

The shape of the mass dependent morphology of the 
NGC 2547 distribution is reasonably well-reproduced from 
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Figure 16. Rotational angular velocity lu plotted as a function of time in five mass bins: 0.9 < M/Mq < 1.1, 0.7 < M/Mq < 0.9, 
0.5 < A//Mq < 0.7, 0.35 < M/Mq < 0.5, and 0.2 < M/Mq < 0.35. Crosses show the rotation period data, and short horizontal lines the 
25th and 90th percentiles of oj, used to characterise the slow and fast rotators respectively. The lines show our models for 1.0, 0.8, 0.6, 
0.42 and 0.28 Mq (respectively), where the solid lines are solid body models, and dashed lines are differentially rotating models, with the 
parameters shown. Plotted are the ONC (1 Myr), NGC 2264 (2 Myr), NGC 2362 (5 Myr), IC 2391, IC 2602 (rs. 30 Myr), ol Per (rs. 50 Myr), 
NGC 2547 (plotted for ages o f 25 and 38.5 Myr as d escribed in the text ), M34, the Hyades (625 Myr) and the Sun (~ 4.57 Gyr). The 
IC 2391 dat a were taken fr o mlPatten fc SimonI lll996l) and IC 2602 fro m |Barnes_et_al. l ll999^. The a Pe r data a re a compilati o n of th e 
results from IStaufi'er et al.l lITgSSi) . IStauffer. Hartmann fc Jonej lll989l). IProsser et al. lll993al). iProssed lll99ll). iProsser et al.l lfr993bl') 
lO'Dell fc Collier Cameronl Yl993l'), |Prosser et al.l lO'Dell. Hendry fc Collier CameronI lll994). lO'Dell at al.l lll996l). lAUain et alj 

SimonI (l998h .lBa 
taken from the open cluster database. 



l|l996l V iMartfn fc Zapatero Osoriol lll997l ). IPro sscr fc RandichI lll998h . IProsser. Randich 
Hyades data from iRadic^'et'^ ni987t) and IProsser ct al.. (,19951 V 



et al.l l|l998^ ■ and the 



the NGC 2362 distribution by the models, with the differen- 
tially rotating models providing a slightly better fit overall 
to the slow rotators, but at this age it is difficult to distin- 
guish between the two classes of models since the effects of 
differential rotation become much more pronounced between 
~ 50 - 100 Myr. 

Furthermore, the rotation rates are also well-reproduced 
below ~ 0.7 Mq, but not for higher masses, where the pre- 



dicted rates are ~ a factor of two faster than actually ob- 
served in NGC 2547. It should be noted that the adopted 
values of ojaat in this mass range are not well-constrained 
by the NGC 2516 data used to calibrate them, and have a 
strong effect on the morphology of this part of the diagram, 
so it is possible that any deviations here result from our 
assumption of a linear relation over the entire mass range. 
The models predict that a number of objects should be 
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Figure 17. Rotation period as a function of mass, using the model presented in i|6.2l to evolve the NGC 2362 distribution (top panel) 
forward in time from 5 Myr to 25 Myr (left panels) and 40 Myr (right panels) for the solid body (second panel) and differentially rotating 
(third panel) models, and the observed NGC 2547 distribution for comparison (bottom panel). 



rotating faster than ~ 0.2 days, whereas none were observed 
in NGC 2547. However, re-examining Figure [T?] shows some 
scatter in the NGC 2362 distribution at short periods, which 
may be related to contamination of the sample, so it is diffi- 
cult to conclude if this result is significant before obtaining 
foUow-up of the NGC 2362 sample. 

This work suggests overall that the mass dependence of 
the observed rotation period distribution is reasonably well- 
reproduced by the combination of the initial conditions as 
seen in NGC 2362, the mass-dependence of stellar contrac- 
tion on the PMS, and the mass-depende nce of the saturatio n 
angular velocity tJsat , in agreement with llrwin et al.l(|2007bh . 



7 CONCLUSIONS 

We have reported on results of an /-band photometric survey 
of NGC 2547, covering ~ 0.6 sq.deg of the cluster. Selection 
of candidate members in slV versus V — I colour- magnitude 
diagram using an empirical fit to the cluster sequence found 
800 candidate members, over a V magnitude range of 12.5 < 
V < 24 (covering masses from 0.9 M0 down to below the 
brown dwarf limit). The likely field contamination level was 



estimated using a simulated cat alogue of fiel d objects from 
the Besangon Galactic models (jRobin et ahlboOa ). finding 
that ~ 470 objects were likely field contaminants, an overall 
contamination level of 59%, implying that there are ~ 330 
real cluster members over this mass range in our field-of- 
view. 

From ~ 100 hours of time-series photometry we de- 
rived light curves for ~ 130 000 objects in the NGC 2547 
field, achieving a precision of < 1% per data point over 
14 < J < 18. The light curves of our candidate cluster mem- 
bers were searched for periodic variability corresponding to 
stellar rotation, giving 176 detections over the mass range 
0.1 < M/Mq < 0.9. 

The rotation period distribution a a function of mass 
was found to show a clear mass-dependent morphology, in- 
termediate between those found in NGC 2362 (Irw in et al., 
in preparation) and NGC 2516 (jlrwin et al.ll2007bl ). with a 
median relation of J oc M, or j = constant, as seen in the 
other clusters we have surveyed. 

In simple models of the rotational evolution were 
considered, both for the solid body case, and including dif- 
ferential rotation between a decoupled radiative core and 
convective envelope, as in our earlier work on NGC 2516 
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llrwin et al.ll2007bl ). Allowing for the uncertainty in the age 
of NGC 2547, the results indicate that it is possible to qual- 
itatively reproduce the shape of the observed rotation rate 
distribution by evolving the NGC 2362 distribution forward 
in time, using the parameters fit to the NGC 2516 data of 
llrwin et al.1 l|2007bl ). It is difficult to examine the effects of 
differential rotation at this age since they are still relatively 
small. Some small discrepancies were noted, caused by what 
appear to be 'outliers' in the distributions for NGC 2362 
and NGC 2547, but it is difficult to resolve these issues at 
the present time. Follow-up spectroscopy will be required to 
make further progress. 
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